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1 Introduction

Molten salt reactors (MSRs) are among the advanced concepts pursued under the generation
IV nuclear energy technology umbrella. However, the basic concept is not new and was first
developed as part of the effort to power aircrafts with nuclear energy in the 1950’s. Later in
the 1960’s, Oak Ridge National Laboratory (ORNL) built and operated the Molten-Salt Reactor
Experiment (MSRE) [1]. This reactor used a fluoride salt with uranium as fuel. Fluorides salts
are still highly relevant and proposed in several designs. In addition, chloride salts are being
considered for MSRs operating in the fast neutron spectrum. This report focuses on chloride
salts.

Fundamental molten salt thermodynamic and thermophysical properties (e.g., density, heat ca-
pacity, viscosity, and thermal conductivity) are important for the development of next-generation
MSRs, in which molten salts are used as both coolant and fuel. However, due to the corrosive
nature of molten salts, measurements of their properties at high temperatures can be experimen-
tally challenging. This is even more pertinent for fuel salts, which, in addition, contain toxic
and radioactive actinides (U, Pu) as fuel and after burnup a range of fission products, all of
which may influence properties. Using atomic scale simulations to fill these data gaps and to
provide mechanistic understanding of property relations would facilitate more accurate evalua-
tion of various concepts by reactor designers, developers and other interested parties. Modeling
and simulations have an important role to play in reducing data gaps, because the compositional
space of interest is extensive and difficult to cover with experiments alone, especially since some
of the salts are also highly toxic or radioactive. This benefit is already acknowledged in the liter-
ature [2–6], but the field is still evolving and many properties are either only partially explored
or remains to be investigated, in particular for complex compositions.

In FY21, we have performed classical molecular dynamics (MD) and ab initio molecular
dynamics (AIMD) simulations to predict the thermophysical properties of pure chloride salts
and their mixtures in the AlCl3-NaCl-KCl system over a wide temperature range from 800 K
to 1400 K. Our classical MD simulations use a non-polarizable Buckingham pair potential in
combination with a Stillinger-Weber three-body potential for Al-Cl-Cl interaction, which are
parameterized using ab initio calculated data such as equilibrium lattice parameters and single-
crystal elastic constants. MD predicted thermophysical properties are compared with experi-
mental data when they exist. Our computational methods and results are summarized in this
report. In addition, AIMD simulations relying on different models for Van der Waals interac-
tions are used to predict temperature dependent thermophysical (density and thermal expansion)
and thermodynamic (mixing energy and heat capacity) properties of NaCl, KCl and AlCl3 mixed
with UCl3. Among these, the main topic for the FY21 milestone is UCl3 mixed with KCl and
AlCl3, however, the NaCl study performed in previous years under NEAMS and lately for a
different sponsor (LANL LDRD) provided the theoretical basis for the KCl and AlCl3 studies.
Consequently, this work will be reviewed to explain and provide justification for the simulation
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methodology and to highlight the underlying chemistry and physics governing properties, as
those are expected to be similar for at least the KCl-UCl3 system. Classical potentials were not
used for the actinide containing systems. For this reason thermal conductivity and viscosity are
beyond the present scope.

This report is organized as follows. The first chapter is devoted to development of empirical
potentials for KCl-NaCl-AlCl3, applications and benchmarking of the potentials to a subset of
thermodynamic and thermophysical properties in order to finally enable predictive simulations
of complex properties such as of thermal conductivity and viscosity. This chapter also presents
results of AIMD simulations used for benchmarking and a literature review of relevant exper-
imental data. The final two chapters are devoted to AIMD simulations of actinide containing
salts. First, the progress to-date on the NaCl-UCl3 system is presented, which includes an intro-
duction of the AIMD simulation methodology, identification of key results and lessons-learned.
The next chapter extends the same methodology to KCl, AlCl3 and KCl-UCl3. The current state
of results are compared and contrasted to the NaCl-UCl3 system and available experimental data.
Finally, we summarize our findings and present concluding remarks.
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2 Empirical potential development and
application for NaCl-KCl-AlCl3

2.1 Methodology and potential parameters

Since the electronegativity value of Cl (3.16) is much larger than those of Na (0.93) and K
(0.82), the chemical bonding in NaCl and KCl is predominantly ionic. In this study, we have
employed a non-polarizable Coulomb-Buckingham [7] empirical potential that describes the
pair interatomic interactions between ions i and j in NaCl and KCl salts as:

φ2(ri j) = ZiZ j
e2

ri j
+Ai je

−
ri j

ρi j −
Ci j

r6
i j

(2.1)

where Zi is the partial charge of ion i. The first, second, and third term on the right-hand side
represent long-range Coulomb interaction, short-range repulsion interaction due to the overlap
of the electron orbitals of two ions at small distances (Pauli repulsion), and attractive long-range
van der waals dispersion interaction, respectively. The values for Ci j are estimated in this work
using the method of Grimme [8].

Compared with NaCl and KCl, the chemical bonding in AlCl3 is much more complicated.
While the electronegativity value of Cl (3.16) is still larger than that of Al (1.61), the difference
is not large enough to form a simple ionic bond. In general, any ionic bond may also contain
some partial covalent character due to the polarization of the electron cloud of an anion by
neighboring cations. According to Fajans’ rules, the degree of anion polarization will be more
significant for cations with small sizes and high charges. Compared with the ionic radii of less
charged Na+ (1.02 Å) and K+ (1.38 Å) ions, the ionic radius of Al3+ (0.535 Å) is significantly
smaller. The small size and high charge of the Al3+ ion confer it with strong polarizing power.
Consequently, AlCl3 will also exhibit significant covalent bonding character.

In the solid state, AlCl3 has a cubic Pm-3m structure (Figure 2.1a) in which each Al is coordi-
nated by 6 Cl atoms. At around 180◦C, AlCl3 sublimes to form Al2Cl6 dimers, in which each Al
is surrounded by 4 Cl atoms (Figure 2.1b). While Al and Cl atoms form strong covalent bonding
within each Al2Cl6 dimer, the interactions between Al2Cl6 dimers are weak. With increasing
temperature, a Al2Cl6 dimer will dissociate into two AlCl3 molecules, and the coordination of
the Al atom is further reduced to 3 (Figure 2.1c). Modeling such complicated phase transitions
for AlCl3 using an empirical potential will be a challenging task. In this work, we employ a
Stillinger-Weber three-body term [9] for Al-Cl-Cl interaction to model the covalent character of
Al-Cl bonding:
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(a) Pm-3m (b) Al2Cl6 dimer (c) AlCl3 monomer

Figure 2.1: Different structures of AlCl3. Red and green spheres represent Al and Cl atoms, respectively.

φ3(ri j,rik) = λi jk
(
cosθi jk− cosθ0

)2e

γi j

ri j−ai j e

γik

rik−aik (2.2)

where θ0 is set at 109.47◦. The goal of adding this three-body term is to stabilize the AlCl−4 ions
with a tetrahedral structure, which are known to exist in AlCl3-NaCl and AlCl3-KCl mixtures
at the equiatomic composition [10, 11]. Due to the use of a fixed θ0, however, our model will
not be able to describe the Pm-3m and monomer structures of pure AlCl3, in which the Cl-Al-Cl
bond angles are 90◦ and 120◦, respectively.

We have fitted parameters Ai j, ρi j, λi jk, γi j, and ai j to the ab initio predicted properties of
bulk crystals such as equilibrium lattice parameters and single-crystal elastic constants. The
partial charges Zi have also been fine-tuned to give the best agreement with ab initio data. Den-
sity functional theory (DFT) calculations with PBE exchange–correlation functional have been
performed using the Vienna ab initio simulation package (VASP) code [12]. Since local and
semi-local density functionals such as PBE cannot describe van der Waals dispersion interac-
tions, which is due to dynamical correlations between fluctuating charge distributions, we have
employed the density-dependent energy correction (dDsC) method [13] for dispersion correc-
tion. A large plane-wave cutoff energy of 500 eV is used to ensure high numerical accuracy.
The final optimized parameters for AlCl3-NaCl-KCl salts are given in Tables 2.1 and 2.2 below.

Table 2.1: Pair interaction parameters for AlCl3-NaCl-KCl system. ZAl , ZNa/K and ZCl are set at +2.7,
+0.9 and -0.9, respectively.

i- j Ai j ρi j Ci j

Al-Cl 4654.66 0.2778 76.66
Na-Cl 1480.98 0.3210 55.77
K-Cl 3166.25 0.3180 76.69
Cl-Cl 3081.71 0.3077 52.55
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Table 2.2: Parameters for Al-Cl-Cl three-body interaction.
i- j-k λi jk γi j ai j

Al-Cl-Cl 8.893 0.6 4.0

2.2 Classical molecular dynamics simulations

Using our developed empirical potentials, we have performed classical molecular dynamics
(MD) simulations in the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
[14] to predict the thermophysical properties of pure chloride salts and their mixtures in the
AlCl3-NaCl-KCl system over a wide temperature range from 800 K to 1400 K. For obtain-
ing their equilibrium densities, heat capacities, and viscosities, periodic cubic simulation cell
containing >13000 atoms are employed. At a given temperature, MD simulations in the NPT
(constant number of atoms, pressure and temperature) ensemble are first performed to obtain
the equilibrium lattice parameter. Long-time MD trajectories in the NVT (constant number of
atoms, volume and temperature) and NVE (constant number of atoms, volume and energy) en-
sembles are then collected and used to extract heat capacities and viscosities, respectively.

Using Green-Kubo relation, viscosity can be obtained from equilibrium MD simulations via
time integral of the off-diagonal terms of the stress autocorrelation function as:

η =
V

kBT

∫
∞

0
〈pxy(0)pxy(t)〉dt (2.3)

where V is volume, pxy is the off-diagonal component of the stress tensor, and kB is Boltzmann
constant.

To compute thermal conductivities, the Muller-Plathe’s reverse non-equilibrium MD method
[15] is used, which induces a temperature gradient in a system by exchanging kinetic energy
between atoms. Large supercells containing >110000 atoms that are elongated along the z axis
are used for thermal conductivity calculations.

2.3 Ab initio molecular dynamics simulations

To validate our classical MD results, we have further performed AIMD simulations at T =800
K, 1000 K, 1200 K and 1400 K using the VASP code to obtain the equilibrium densities and
specific heat capacities of pure chloride salts and their mixtures in the AlCl3-NaCl-KCl system.
Periodic cubic simulation cell containing >200 atoms are used to model molten salts. The
dDsC method [13] is employed to account for the van der Waals dispersion interaction. A
large plane-wave cutoff energy of 500 eV is employed. Due to the non-periodicity of the liquid
state, a single Γ point is sufficient for Brillouin zone sampling. The Newton´s equations of
motion are numerically solved using Verlet´s algorithm with a time step of 2.0 fs. We employ a
canonical (NVT) ensemble with a Nose-Hoover thermostat for temperature control. At a given
temperature, the pressures of a simulation cell are calculated at 5 different volumes. At each
volume, the system is first equilibrated for at least 5000 time steps, followed by a production run
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with a duration of 5000 time steps. We obtain the pressure of a system from the time average of
its AIMD production run trajectory. The pressure vs. volume data are then fitted to a Murnaghan
equation of state (EOS) [16] to obtain the equilibrium volumes:

P(V ) =
B0

B′0

(V0

V

)B
′
0

−1

 (2.4)

where B0 is the bulk modulus and B
′
0 is its pressure derivative. V0 is the equilibrium volume

giving zero overall pressure. As shown in Figure 2.2, the Murnaghan EOS can describe the
AIMD data with satisfactory accuracy. Importantly, adding AlCl3 to pure NaCl and KCl salts
significantly reduces their bulk moduli. For example, at T =1200 K, the bulk moduli of NaAlCl4
and KAlCl4 salts are calculated to be only 0.95 GPa and 0.62 GPa, respectively. For such low
bulk moduli, the pressure will decrease rather slowly with increasing volume, and small errors
in pressure calculations will lead to large uncertainties in the final calculated densities.

2.4 Structures of molten salts

Figure 2.3 shows the partial radial distribution functions (RDFs) for Na-Cl, K-Cl, Al-Cl, and
Cl-Cl pairs in various molten salts in the AlCl3-NaCl-KCl system at T =1400 K. It can be seen
that our classical MD simulations using ab initio informed empirical potentials can adequately
reproduce the cation-anion and anion-anion RDFs from AIMD simulations. The sharp first
peak in Al-Cl RDF is due to the formation of stable AlCl−4 complexes in liquid NaAlCl4 and
KAlCl4, as shown in Figure 2.4. The location of the first peak of Al-Cl partial RDF gives the
average Al-Cl bond length to be ∼2.15 Å according to both AIMD and MD simulations. This
predicted value is in excellent agreement with the experimentally measured nearest-neighbor
distance between Al-Cl pair (2.13 Å) from X-ray diffraction analysis [17].

A close examination of Figure 2.4 however reveals some discrepancies between AIMD and
MD. While AlCl3 monomers have been frequently observed in AIMD simulations, they are not
formed during MD simulations due to the use of a Stillinger-Weber three-body term that favors
AlCl−4 complex. Furthermore, during MD simulations of NaAlCl3, a Al3Cl−10 complex is formed
due to the interconnection between AlCl−4 ions via corner sharing. Such large complexes have
however not been observed in AIMD simulations. As will be discussed, the formation of long
AlnCl3n+1 chain-like complexes in MD simulations will lead to an overestimation of viscosities.

2.5 Densities of molten salts

Figure 2.5 shows the calculated densities of various molten salts in the AlCl3-NaCl-KCl system
in comparisons with the experimental data from Janz [18], Van Artsdalen et al. [19], Berg et al.
[20], and Andreasen et al. [21]. Overall, AIMD calculated equilibrium densities are in excellent
agreement with the experimental measurements. In contrast, classical MD simulations tend to
underestimate the densities, and such underestimation becomes more significant for NaAlCl4
and KAlCl4 salts due to their low bulk moduli.
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2.6 Heat capacities of molten salts

Table 2.3 reports the AIMD- and MD-predicted specific heat capacities of various molten salts
in the AlCl3-NaCl-KCl system, which are obtained from linear fittings of total energy vs. tem-
perature data at T =800 K, 1000 K, 1200K, and 1400 K. For NaCl, KCl, and their mixtures,
classical MD simulations can predict their heat capacities within 11% of AIMD values. Due to
the complex mixed ionic-covalent bonding between Al and Cl that is challenging to model by an
empirical potential, our MD predicted heat capacities of NaCl-AlCl3 and KCl-AlCl3 salts can
be up to 19% larger than AIMD results.

Table 2.3: Specific heat capacities of molten salts in the AlCl3-NaCl-KCl system.
Salt composition AIMD MD

NaCl 1120 J/kg/K 1246 J/kg/K
Na3KCl4 1074 J/kg/K 1155 J/kg/K
NaKCl2 1025 J/kg/K 1095 J/kg/K
NaK3Cl4 986 J/kg/K 1041 J/kg/K

KCl 955 J/kg/K 977 J/kg/K
Na3AlCl6 966 J/kg/K 1147 J/kg/K
NaAlCl4 920 J/kg/K 1078 J/kg/K
K3AlCl6 910 J/kg/K 1003 J/kg/K
KAlCl4 833 J/kg/K 994 J/kg/K

2.7 Viscosities and thermal conductivities of molten salts

While the densities and specific heat capacities of a molten salt can be predicted using both MD
and AIMD simulations, obtaining viscosity and thermal conductivity requires very long-time
simulations (>1 ns) to achieve good statistical accuracy, which is computationally too demand-
ing for AIMD. Therefore, only MD results for these properties are reported. As shown in Figure
2.6, MD predicted viscosities agree reasonably well with experimental data from Janz [18] and
Ejima et al. [22]. For NaAlCl4, however, there exist large discrepancies between MD simu-
lations and experimental measurements by Cleaver and Koronaios [23]. Presumably, the for-
mation of long AlnCl3n+1 chain-like complexes composed of n corner-sharing AlCl4tetrahedra
(e.g. Al3Cl10 as shown in Figure 2.4b) will artificially strengthen the NaAlCl4 liquid structure,
which may contribute to explain the overestimation of viscosities by MD simulations. Note that
AlnCl3n+1 complexes longer than Al2Cl7 have not been observed in our AIMD simulations.

As shown in Figure 2.7, the thermal conductivities for pure NaCl and KCl predicted by our
non-equilibrium MD simulations are in good agreements with the experimental measurements
by Nagasaka et al. [24] and the equilibrium MD simulations by Galamba et al. [25].

The composition-dependent viscosities and thermal conductivities for binary mixtures in the
AlCl3-NaCl-KCl system, as predicted by the present MD simulations, are shown in Figures 2.8
and 2.9, respectively. Importantly, it can be seen that adding AlCl3 to pure NaCl and KCl salts
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will significantly reduce their thermal conductivities, but will not drastically modify their vis-
cosities. Note that the large increase of viscosity of a (NaCl)1−x(AlCl3)x salt with x at T =800 K
is most likely an artifact of the empirical potential used in our MD simulations, which leads to
the formation of long AlnCl3n+1 chains at low temperatures. Finally, while the thermal conduc-
tivity of a (NaCl)1−x(KCl)x salt will decrease with increasing KCl content, its viscosity is almost
independent of x.
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(a) NaCl (b) KCl

(c) NaAlCl4 (d) KAlCl4

(e) NaKCl2 (f) Na3KCl4

Figure 2.2: Equation of state fitting of pressure vs. volume data from AIMD simulations.
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(a) Na3KCl4 (b) NaKCl2

(c) NaK3Cl4 (d) NaAlCl4

(e) KAlCl4

Figure 2.3: Partial radial distribution functions of liquid NaKCl2, Na3KCl4, NaK3Cl4, NaAlCl4, and
KAlCl4 salts at T =1400 K from the present MD and AIMD simulations.
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(a) NaAlCl4 (AIMD) (b) NaAlCl4 (MD)

(c) KAlCl4 (AIMD) (d) KAlCl4 (MD)

Figure 2.4: Snapshots of NaAlCl4 and KAlCl4 salts at 1400 K from AIMD and MD simulations. Red,
green, and blue spheres represent Al, Cl, and Na/K atoms, respectively.
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(a) NaCl (b) KCl

(c) NaAlCl4 (d) KAlCl4

(e) NaKCl2 (f) Na3KCl4

Figure 2.5: MD and AIMD predicted densities of molten salts in comparisons with experimental mea-
surements.
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(a) NaCl (b) Na3KCl4

(c) NaKCl2 (d) KCl

(e) NaAlCl4 (f) K3AlCl6

Figure 2.6: MD and AIMD predicted viscosities of molten salts in comparisons with experimental mea-
surements.
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(a) NaCl (b) KCl

Figure 2.7: MD predicted thermal conductivities of NaCl and KCl in comparisons with experimental
measurements.

(a) NaCl-KCl (b) NaCl-AlCl3

(c) KCl-AlCl3

Figure 2.8: Composition-dependent viscosities in NaCl-KCl, NaCl-AlCl3, and KCl-AlCl3 systems pre-
dicted by the present MD simulations.
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(a) NaCl-KCl (b) NaCl-AlCl3

(c) KCl-AlCl3

Figure 2.9: Composition-dependent thermal conductivities in NaCl-KCl, NaCl-AlCl3, and KCl-AlCl3
systems predicted by the present MD simulations.

17



3 Case study: Ab initio molecular dynamics
simulations of select thermophysical and
thermodynamic properties of NaCl, UCl3 and
NaCl-UCl3 molten salts

The NaCl-UCl3 system was the initial case study for applying AIMD simulations to actinide
containing molten chloride salts, some of the work was performed under NEAMS in previous
years (applications) and some under LANL LDRD (methods). The methodology established
therein serves as the basis for the KCl-UCl3 and AlCl3-UCl3 systems targeted in chapter 4.
The simulation approach has continued to be refined as part of the present study. In order to
introduce the methodology, understanding gained and lessons learned from studying the NaCl-
UCl3 system, the relevant details will be reviewed in this chapter.

3.1 Review of existing experimental and modeling studies on NaCl,
UCl3 and NaCl-UCl3

Experimental characterization of UCl3 densities have been reported by Janz et al. [18] and Desy-
atnik et al. [26]. The density correlations derived from these two experimental data sets deviate
significantly from each other. Desyatnik et al. [26] also investigated the density of NaCl-UCl3
mixtures. They identified a negative deviation from an ideal solution across most of the composi-
tion range, with the high-temperature UCl3 region deviating slightly from this trend. Maatsura et
al. [27] measured the mixing energies of NaCl-UCl3 at 1173 K, which highlighted a negative de-
viation from ideal solution behavior, which implies an exothermic reaction, with a shallow min-
imum of −0.07 to −0.08 eV per formula unit close to the eutectic composition (xUCl3 ≈ 0.35),
but perhaps slightly shifted towards the 50-50 composition. There are two Calphad assessments
of the NaCl-UCl3 system [28, 29]. The magnitude and shape of the NaCl-UCl3 mixing energies
are noticeably different between the two assessments [29]. The assessment by Benes et al. [28]
arrived at a form with a minimum close to the eutectic composition (xUCl3 ≈ 0.35), while Yin et
al. [29] used the experimental data due to Matsuura et al. [27] as input, which resulted in a more
negative mixing energy that is shifted slightly closer to the 50-50 composition. The magnitude
of the mixing energy is off by about 50% between the two assessments.

The sparse and sometimes contradictory experimental data on molten salts in general and the
NaCl-UCl3 system in particular provide justification for pursuing modeling and simulations as a
complementary approach to gain improved understanding. This opportunity is already acknowl-
edged in the literature. Molecular dynamics simulations based on both classical potentials and
AIMD simulations have been used to study chloride salts involving actinides [2, 3, 5, 6]. Li et
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al. [2] used AIMD simulations to study the local structure of UCl3, UCl4 and mixtures of UCl3,
UCl4 and NaCl at 1173 K. This study showed good agreement with experiments for the radial
distribution function of the first coordination shell and identified network formation of UCl3
units in mixed NaCl-UCl3 salts [2]. In order to study temperature dependent thermo-physical
properties, a semi-empirical potential was developed [3]. This potential successfully predicted
density, thermal conductivity and viscosity, though validation is challenged by the lack of ex-
perimental data. Nam et al. [5] studied the solution thermodynamics of dilute concentrations of
UCl3 in a base salt and investigated the properties of base salts for different Van der Waals inter-
action models. Song et al. [6] performed AIMD simulations of densities and transport properties
in a LiCl-KCl eutectic salt with a small concentration of UCl3.

In the present study, AIMD simulations relying on different models for the Van der Waals
interactions were used to predict temperature dependent thermophysical (density) and thermo-
chemical (mixing energy and heat capacity) properties of NaCl, UCl3 and NaCl-UCl3. The stan-
dard PBE exchange-correlation potentials typically used were extended to include a Hubbard U
model for the actinide 5f electrons. The purpose of the study was first to determine with what
accuracy fundamental properties can be predicted with AIMD simulations for actinide contain-
ing salts, second to populate some of the data gaps that exist in the literature and third to provide
understanding of the link between coordination chemistry and properties.

The next sections are organized as follows. The methodology is described in Sec. 3.2, fol-
lowed by results and discussion in 3.3. First the benchmark for NaCl is presented, next the UCl3
results are reviewed, which is followed by NaCl-UCl3 mixtures. The connection of our results
to local chemistry and pair distribution functions are discussed in Sec. 3.4.

3.2 Methodology

The AIMD simulations were performed with the VASP code [12]. The simulations used a range
of supercell sizes with the largest consisting of 216 (NaCl), 216 (UCl3) and 134-184 (NaCl-
UCl3 mixtures) atoms. The smallest cells for the same systems contain 64, 64 and 60-72 atoms,
respectively. For NaCl and UCl3 these were created by expansion of the crystalline unit cells
followed by melting of the lattice by performing high temperature MD simulations. The mixed
supercells were created by replacing Na ions with U ions or vice versa, in some cases additional
molecular units were added to ensure that an suitable number of atoms were maintained in the
supercells. The differently sized supercells were investigated in order to understand and optimize
the compromise between computational efficiency, enabling sampling in the time domain, and
accuracy with respect to long range interactions. The radial distribution function (RDF) was
used as the most basic measure of the adequacy of the supercell size, with convergence with
respect to the targeted thermophysical and thermodynamic properties following suite. All the
supercells investigated properly capture the expected radial distribution function in the liquid
state. This behavior is exemplified in Figures 3.1a) and 3.1b) for two UCl3 and NaCl supercells
of different size, respectively. The smaller cells predict essentially identical radial distribution
functions to the larger cells, but come with improved computational efficiency. Although the
larger cells may still be more accurate for, e.g., mixed salts exhibiting more complex radial
distribution functions, the situation in mixed salts is further complicated by the need to sample
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sufficient configurations to resolve the preferred short and intermediate range distribution of
ionic species in network forming salts such as UCl3 [2]. This requires fairly long simulation
times. Proper sampling is easier to achieve in smaller supercells given the computational cost of
AIMD simulations, even though the radial distribution itself as well as other properties may be
better described in a larger supercell. For this reason, our production runs tend to use supercells
of intermediate size. Based on the verification against large supercells for the radial distribution
function above and further examples in Sec. 3.3, the results in the present study are considered
sufficiently converged with respect to supercell size.

All simulations used the Γ point for integration in reciprocal space. The accurate simulation
setting was utilized in VASP, but the plane wave cut-off energy was increased above the standard
setting to 400 eV. Gaussian smearing with a smearing parameter of 0.05 eV was used for the par-
tial occupancies of the wave functions. The convergence criteria for the electronic minimization
was at least10−3 eV for NaCl and 5×10−3 eV for salts containing uranium.
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Figure 3.1: The predicted radial distribution function in a) UCl3 and b) NaCl obtained by supercells con-
taining 64 (small) and 216 (large) atoms at 1250 K.

The Projector Augmented Wave (PAW) method was used to describe the core electrons [30,
31]. For each element, the PAW potentials supplied with VASP for the PBE exchange-correlation
potential were utilized. For Na, the version that only includes the s electron(s) in the valence
shell was used. The PAW potential for Cl also included p electrons and for U it included the outer
s, p and f electrons in the valance shell. Calculations for U ions were performed with a Hubbard
U term, in order to capture the impact of accounting for strong electron correlation effects.
The Lichtenstein approach [32] was used for the Hubbard U methodology. An approximate U
value range of 3.0-4.5 eV was determined by using scoping constrained DFT linear-response
method for crystalline UCl3 [33]. The J value was set to 0.51 eV. These values are similar to
those proposed for UO2 [34]. After confirming that the values for UCl3 were close to those
for UO2, the values for UO2 were adopted in the present study. Future work may consider
further optimization of the Hubbard U (and J) parameters, but the results and conclusions are
not expected to significantly change based on this choice, as long as the value is sufficiently
large to ensure an insulating ground state. It should be noted that the effective U value depends
on the coordination environment and consequently could differ between crystalline UCl3 and
molten salts. It could also be a function of time in the simulations as the environment may
change. Future work may consider these questions in more detail, but it is beyond the scope of
the present study. The effect of the Hubbard U parameter for molten uranium chloride salts is the
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same as for crystalline UO2; without the U parameter the salts are predicted to be metallic, which
is contrary to the expected behavior. Even though useful results may certainly be obtained while
ignoring the strong correlations captured by the Hubbard U model and accepting the resulting
metallic character predicted for the salts, there are limitations to this approach. For reference, a
few simulations were performed without the Hubbard U model (not shown).

Uranium ions in its 3+ state have localized magnetic moments. In order to mimic the disor-
dered arrangement of magnetic moments expected at temperatures where the salts are molten,
the spins were arranged in an anti-ferromagnetic (AFM) pattern and then allowed to relax during
the simulations. In the context of molten salts, the AFM option is similar to a random distribu-
tion with a total magnetic moment in the supercell close to zero. The predicted properties are
not strongly influenced by the magnetic ordering.

It is well-established in the literature that Van der Waals or dispersion interactions are critical
for reproducing the density of molten salts by DFT methods [2, 4, 5]. Previous simulations have
used both the DFT-D3 method [2, 35] and the Langreth & Lundqvist [5, 36, 37] methodologies
for various molten chloride salts. Both methods were used in the present study, although the
Langreth & Lundqvist method was dropped after concluding that it was not very accurate for
pure UCl3. In addition, the density-dependent energy correction (dDsC) method [13, 38] was
used with the goal of improving accuracy. The dDsC method does not include parameters for
f elements in the standard VASP version. In order to enable simulations the corresponding
parameters were taken from Ref. [39].

The AIMD simulations for the molten salt supercells were performed using isobaric condi-
tions (NPT) conditions. The primary intent of the NPT simulations (with the pressure set to
zero) is to evaluate density, thermal expansion, heat capacity and mixing energy. All NPT en-
semble simulations used the the Langevin thermostat in VASP. For the NPT simulations, the
temperature friction coefficient was set to 10 ps−1 and the friction coefficient for the lattice de-
grees of freedom to 1 ps−1. The time step was set to 2 fs for production runs between 1̃000 K
and 1500 K. Around and below 1000 K a larger time step, up to 5 fs, is warranted due to the
slow dynamics of uranium ions. In principle, the larger time step can also be applied at higher
temperatures as long as the structures have been properly converged.

The simulations used pre-equilibrium and equilibration runs that involve melting the lattice
and ensuring convergence of the total energy and pair distribution function for the temperature
of interest. After pre-equilibration and equilibration, production runs follow for at least 20 ps.
Some simulations used longer production runs, in particular this applies to the simulations based
on smaller supercells (up to 50 ps) and systems containing a mixture of UCl3 and NaCl (up to
40 ps). NPT simulations often require long equilibration runs and may sometimes leave the
equilibrium state due to distortions of the supercells. All simulations were inspected to avoid
sampling such regimes.

Properties were calculated by averaging over the production run (not including the equilibra-
tion or pre-production time). Densities were trivially obtained from the supercell volume and
heat capacities from the slope of the total internal energy (Etot) as function of temperature.

C =
∂Etot

∂T
(3.1)

For the NPT ensemble, this corresponds to heat capacity at constant pressure (Cp). Mixing
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energies were calculated from the potential energy (Epot) of the mixed salt with pure NaCl and
UCl3 at the same temperature as the reference.

Emix = Epot(UxNayCl3x+y)− xEpot(UCl3)− yEpot(NaCl). (3.2)

3.3 Results

3.3.1 Ab initio molecular dynamics simulations on NaCl

Density and structure

Figure 3.2a plots the predicted density of molten NaCl as function of temperature for the DFT-D3
and DFT-dDsC Van der Waals models as well as simulations without any dispersion interaction.
The results refer to the supercell size that we consider best converged for each methodology, see
caption and below for further discussion. A correlation derived from experimental data is also
shown [18]. All simulations reproduce the temperature dependence of the density obtained from
experiments. However, as expected, only the simulations that account for dispersion interactions
are within 10% of the experimental density correlation. The best agreement is obtained for the
dDsC dispersion model, which is within 5% or less of the experimental correlation across an
extended temperature range. The calculated (dDsC) correlation for the density as function of
temperature is listed in Table 3.1. The radial pair distribution function at 1250 K is reported
in Figure 3.1, which highlights first, second and third-shell coordination distances of 2.70 Å,
3.78 Å and 4.14 Å, respectively. The predicted pair distribution function is in good agreement
with experimental values [40].
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Figure 3.2: a) Density of NaCl predicted with two different models for dispersion forces (D3 and dDsC)
and one without (small cell for dDsC, large cell for others). Experimental data is represented
by the correlation plotted as an orange line [18]. b) Calculated total energy of NaCl as function
of temperature (small cell). The line is a least-squares fit to data points and the slope represents
the heat capacity.

Heat capacity

Figure 3.2b plots the total energy per formula unit of molten NaCl as function of temperature.
The derivative equals the heat capacity of NaCl, which is also tabulated in Table 3.1 together
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with an experimental reference value [41]. The results refer to the supercell size that we consider
best converged for each methodology, see caption and below for further discussion. The simu-
lation results indicate a constant heat capacity, though in order to identify small deviations from
this behavior a denser temperature mesh would be required. The good agreement between sim-
ulations and experiments for the heat capacity (see Table 3.1) further emphasizes the accuracy
of the AIMD simulations.

Impact of supercell size and other simulation settings

The results in Figure 3.2 refer to simulations based on the supercell that we consider best con-
verged. Figure 3.3 compares these results with those obtained from other supercells. Density
and heat capacity are accurately represented by all supercell sizes in the temperature range in-
vestigated. These results suggest that for NaCl, the larger supercell is not required to achieve
converged results for density and heat capacity at moderate temperature, which is consistent
with the discussion of radial distribution functions in Sec. 3.2. The small variations between
supercells are more likely related to sampling differences, rather than due to the supercell size.
Consequently, the converged results in Figure 3.2 as well as the correlations in Table 3.1 are
representative of all simulation results in this study, regardless of the supercell size.
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Figure 3.3: a) Calculated density and b) total energy of NaCl as function of temperature for the large and
small supercells. The lines are least-squares fits to data points and the slope represents the
heat capacity.

Density (g/cm3) Heat capacity (J/mol/K)
NaCl Calculated (dDsC) 2.1594−0.0004993T 71.6
NaCl Experiment 2.061−0.0004759T [18] 66.9 [41]
UCl3 Calculated (dDsC) 6.1066−0.001383T 145.3
UCl3 Experiment 6.375−0.001522T [26] 150 [42]

Table 3.1: Calculated and experimental correlations and values for density and heat capacity of NaCl and
UCl3.
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3.3.2 Ab initio molecular dynamics simulations on UCl3

Density and structure

Following the results for NaCl, the best performing Van der Waals model (dDsC) was applied to
UCl3. Figure 3.4a) plots the predicted density for UCl3 as function of temperature for the dDsC
dispersion model. These results refer to the supercell size that we deem to be best converged
and most representative of the UCl3 system, see below for further discussion. The figure also
compares the predicted densities to two literature correlations derived from experiments [18,
26]. The two experimental correlations for density are surprisingly different and cannot both
be correct, except in a narrow temperature range. The temperature dependence is predicted to
be close to linear across the full temperature range investigated and agrees very well with the
experimental data due to Desyatnik et al. [26]. The densities in Figure 3.4 were fitted to linear
correlations and summarized in Table 3.1.

The radial pair distribution function at 1250 K is reported in Figure 3.1, which highlights a
first-shell coordination distance of 2.82 Å. The coordination distance is in excellent agreement
with the experimental values of 2.82 Å [43] and 2.84 Å [44] measured at 1113 K and 1200
K, respectively, while it is higher than the AIMD simulations by Li et al. [2], which can likely
be ascribed to the application of the Hubbard U methodology in the present study. The pre-
dicted coordination numbers are within the 6 to 8 range reported in experiments and previous
simulations [2, 43, 44].
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Figure 3.4: a) Density of UCl3 predicted the dDsC model for the dispersion forces (small cell). Exper-
imental data is represented by the correlations plotted as green [26] and orange lines [18].
The dashed line is a least-squares fit to the calculated data points, the equations of which are
summarized in Table 3.1. b) Calculated total energy of UCl3 as function of temperature (small
cell). The line is a least-squares fit to data points and the slope represents the heat capacity.

Heat capacity

Figure 3.4 plots the total energy as function of temperature, from which the heat capacity can be
derived by calculating the slope. The total energy closely follows a linear relation as function
of temperature and, consequently, the heat capacity can be approximated as a constant in the
temperature range investigated. In order to resolve small deviations from the linear relation, a
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denser temperature mesh would have to be used. Experimental data for the heat capacity of
UCl3 has not been identified, but our results compare very well with the value derived from the
MSTDB CALPHAD assessment of the UCl3 thermodynamics (see Table 3.1) [42].

Impact of supercell size and other simulation settings

The results discussed above for UCl3 refer to simulations using the supercell size that we deem to
be best converged and most representative of the UCl3 system for each simulation methodology.
Select results obtained from different supercell sizes are compared in Figure 3.5, which exhibits
fairly good agreement with each other. Any difference between supercell sizes is primarily
ascribed to sampling appropriate configurations rather than an effect of increasing the numbers
of ions in the simulation box, although additional simulations would be required to fully certify
this conclusion. Compared to NaCl it is much more challenging to reach long simulation times
for the large UCl3 simulation cells.
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Figure 3.5: Calculated density and total energy of UCl3 as function of temperature for the large and small
supercells. The line is a least-squares fit to data points and the slope represents the heat
capacity.

3.3.3 Ab initio molecular dynamics simulations on NaCl-UCl3

Density and structure

The density of NaCl-UCl3 mixtures were calculated for the dDsC dispersion model at three or
four (depending on composition) different temperatures between 800 K and 1500 K, as shown
in Figure 3.6a). This figure also includes densities at the same temperatures as those of the sim-
ulations obtained from correlations derived from experimental data due to Desyatnik et al. [26].
Figure 3.6b) highlights the fractional deviation from ideal solution behavior as calculated from
simulations and experiments [26]. It is challenging to converge the density for mixed salt so-
lutions to an accuracy better than around one per cent of the absolute density using AIMD
simulations, which gives rise to some scatter in the data points. Nevertheless, a few trends are
discernible from Figure 3.6. The simulated data points are within a few per cent of the experi-
mental data. The simulations suggest a negative deviation from an ideal solution (lower density
than predicted by an ideal solution behavior) by up to 2-3%, except close to pure UCl3 at high
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temperature where a positive deviation is observed. According to our simulations, the magnitude
of the deviation from ideal solution behavior is a function of composition and varies some with
temperature starting at xUCl3 ≈ 0.35 and continuing in the UCl3 rich composition range, while
it is almost independent of temperature in the NaCl rich range. The maximum deviation from
ideal solution behavior occurs close to the eutectic composition of 35% UCl3. These predictions
are qualitatively similar to the correlations derived form experiments by Desyatnik et al. [26],
though the experimental correlations predict a larger magnitude for the deviation from an ideal
solution and also exhibit a stronger temperature dependence than the simulations.

Figure 3.7a) plots the density as function of temperature for each composition, which em-
phasizes a close to linear temperature dependence, similar to the pure end-members. The co-
efficients describing the linear dependence on temperature for each composition are plotted in
Figure 3.8a). Although there is some scatter, a weak non-linear dependence on composition
for both the linear and constant term (not shown) is identified. The non-linear dependence is
most pronounced in the UCl3 rich range. The density correlations identified in Figures 3.7a) and
3.8a) can, in principle, be used for calculating densities at temperatures and compositions not
explicitly investigated by AIMD simulations.

1
1.5

2
2.5

3
3.5

4
4.5

5

0 0.2 0.4 0.6 0.8 1

De
ns

ity
 (g

/m
3 )

Fraction UCl3

Calc. T=1250 K Calc. T=1100 K

Calc. T=1500 K Exp. T=1250K

Exp. T=1100K Exp. T=1500K 0.94

0.96

0.98

1

1.02

1.04

0 0.2 0.4 0.6 0.8 1

De
vi

at
io

n 
fro

m
 id

ea
l s

ol
ut

io
n

Fraction UCl3

Calc. T=1250 K Calc. T=1100 K
Calc. T=1500 K Exp. T=1250 K
Exp. T=1100 K Exp. T=1500 K

a) b)

Figure 3.6: a) Density of NaCl-UCl3 mixtures as obtained from simulations and experimental data [26]
at temperatures between 1100 K and 1500 K. b) The fractional deviation form ideal solution
behavior plotted as function of composition at temperatures between 1100 K and 1500 K.

Mixing energy and heat capacity

The mixing energies of NaCl-UCl3 at temperatures ranging from 1100 K to 1500 K are plotted in
Figure 3.9a), with the NaCl and UCl3 end members as reference points. The mixtures exhibit a
negative deviation from ideal solution behavior, which implies that the solution phase is favored
over a two-phase mixture of the end-points. Addition of entropy further stabilizes the mixed
solution phase, as shown in Figure 3.9b) by adding a simple ideal solution model to the potential
energy in Figure 3.9a). The minimum (most negative) mixing energy is between xUCl3=0.35 and
xUCl3=0.5, which qualitatively mimics the results for the density.

The mixing energy was measured at 1100 K by Matsuura et al. [27] The results are also
shown in 3.9a) and indicate very good agreement with the simulations across the full temper-
ature range. In addition to the experimental data points, there are two sets of thermodynamic
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Figure 3.7: a) Calculated temperature dependent densities as function of composition. b) Calculated en-
ergies per simulations cell as function of composition. In both a) and b) the lines represent
least-squares fits to the calculated data.
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Figure 3.8: a) Coefficient describing the linear temperature dependence of density as function of the UCl3
fraction. The line represents a least-squares fit of a fifth order polynomial. b) Heat capacity
as function of the UCl3 fraction. The line represents a least-squares fit of a linear correlation.

models for the solution energy [28,29], see Figure 3.9a) for the correlation from Ref. [29]. Both
thermodynamic models assume the solution energy to be independent of temperature, which is
in good agreement with the simulations. The model by Yin et al. [29] was derived from the
experimental measurements by Matsuura et al. [27] and consequently agree similarly well with
our simulation results. The model by Benes et al. [28] exhibits a smaller mixing energy than
both the experimental data points and our simulations (not shown).

The total energy for each NaCl-UCl3 composition is plotted as function of temperature in
Figure 3.7b), from which heat capacity can be calculated as the slope, similar to the pure NaCl
and UCl3 systems. The heat capacity is a linear function of the salt composition, which is
expected based on the lack of temperature dependence for the salt mixing energies. The negative
deviation from an ideal solution seen for the mixing energy and density is not present for the
heat capacity.
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Figure 3.9: a) Mixing energies for NaCl-UCl3 at 1100, 1250 and 1500 K. Pure NaCl and UCl3 are used
as references. The calculated results are compared to experiments [27] and a thermodynamic
assessment [29].Results are shown for the best converged supercells. b) The free energy of
mixing at 1100 1250 and 1500 K assuming an ideal solution.

3.4 Discussion

This discussion section will focus on the behavior of mixed salts, in particular how the mix-
ing properties (energy and density) relate to the evolution of the pair distribution functions
in the mixed salts. Figure 3.10 plots the pair distribution functions at four salt compositions
(xUCl3 = 0.25, xUCl3 = 0.29, xUCl3 = 0.36 and xUCl3 = 0.50) and compares them to the refer-
ence pair distribution functions for UCl3. Ref. [2] already showed that as NaCl is added to
pure UCl3, the number of Cl ions in the first neighbor shell around U ions increases, from 6 in
UCl3 to almost 8 close to NaCl, with a corresponding decrease around Na ions. This is also
confirmed in the present study (see the increase of the first peak in Figure 3.10 as the NaCl
fraction increases). This redistribution of Cl ions clearly represents a favorable interaction as
the mixing energy is negative across the full composition range. The same study also identified
networks of UCl3 units above a fractional UCl3 concentration of 0.30, and more isolated units
below this concentration. This behavior is also visible in the pair distribution functions. The
U-U pair distribution function for mixtures with a composition equal to or above a fractional
UCl3 concentration of 0.36 maintain the same shape and height as in pure UCl3 (they essen-
tially overlap), which emphasizes the importance of network formation in the mixtures. Below
a fractional concentration of 0.36 the U-U pair distribution function rapidly deviates from the
pure UCl3, indicating an inability to maintain the favorable network structure. This behavior is
visible in the third coordination shell in Figure 3.10. Related changes may be observed in other
distribution functions. The location of this transition coincides with the minimum in the mixing
energy and the maximum deviation of the density from an ideal solution (compare Figures 3.10,
3.6 and 3.9). In turn, these coincide with the eutectic composition according to the experimental
phase diagram [29]. Combined with the evolution of the U-Cl and U-U pair distribution func-
tions in the mixtures, this suggests that the negative mixing energy is driven by increases in the
Cl coordination around U ions, but if the fractional UCl3 concentration is below≈ 0.36, the gain
from increasing this U-Cl coordination is countered by not being able to maintain the favorable
U-U coordination seen in UCl3, as evidenced by the break-up of the network structure. The
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balance of the increase in the U-Cl coordination and decrease in U-U coordination as function
of the composition of NaCl-UCl3 salts is responsible for the minimum in the mixing energy and
by extension the location of the eutectic point in the phase diagram.

The negative deviation from an ideal solution exhibited by the density implies that the vol-
ume increases. Often, a negative mixing energy is associated with a stronger bonding and lower
volume, clearly that is opposite to what is observed for NaCl-UCl3. The reason for increased
volume and decreased density is again related to the evolution of the pair distribution function.
The increased coordination number of Cl around U ions means that the bonding environment
starts to resemble that of U4+ ions in UCl4, which may also be what drives the favorable interac-
tion. The density of UCl4 is noticeably lower (and the molar volume higher) than that of UCl3,
which we believe correlates with the negative deviation form an ideal mixture for the density
of NaCl-UCl3 mixtures. Note that this analogy does not imply presence of formal U4+ ions
in NaCl-UCl3, but a partial transition that drives the evolution of both the mixing energy and
density. Additional simulations and experiments would be required to prove this hypothesis.
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Figure 3.10: Pair distribution functions for NaCl-UCl3 mixtures as function of composition (xUCl3 = 0.25,
xUCl3 = 0.29, xUCl3 = 0.36 and xUCl3 = 0.50). The reference U-Cl and U-U pair distribution
functions for UCl3 are plotted in each figure for comparison.
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4 Ab initio molecular dynamics simulations of
select thermophysical and thermodynamic
properties of the KCl-UCl3 and AlCl3-UCl3
systems

The methodology applied to NaCl-UCl3 in the previous chapter was directly translated to the
KCl-UCl3 and AlCl3-UCl3 systems. The KCl-UCl3 system is very similar NaCl-UCl3 due to
the similarities between Na and K. However, as already discussed in the first chapter, AlCl3
exhibits significantly different properties, which is evidenced by, for example, a much lower
boiling point and a narrow temperature range where the molten phase is stable. The challenges
associated with this salt and its mixtures will be further discussed below.

4.1 Review of experimental and modeling studies of KCl, KCl-UCl3,
AlCl3 and AlCl3-UCl3

Density correlations for KCl and AlCl3 have been reported by Janz et al. [18]. The KCl behavior
is well-characterized, but the AlCl3 density relation relies on only a small number of data points
that are very close in temperature. The mixing energy between UCl3 and KCl can be derived
from the Calphad model due to Yin et al. [29], but to the best of our knowledge there is no direct
experimental data. No data is available for AlCl3 mixed with UCl3. Modeling studies have been
performed for some properties of the KCl system or mixtures including KCl [45, 46], but the
ternaries that include uranium ions have received little attention.

4.2 Methodology

As already mentioned, the methodology for the KCl-UCl3 and AlCl3-UCl3 systems is directly
inherited from the NaCl-UCl3 system. For K we used the PAW potential that includes the p
electrons as valance states. For Al, the s and p electrons were treated as valance states. The
optimized supercell sizes obtained for the NaCl-UCl3 system were adopted for KCl-UCl3 and
AlCl3-UCl3. Both the D3 [2, 35] and dDsC [13, 38] methodologies were used to describe the
dispersion interactions. So far, the mixed KCl-UCl3 salts were only investigated at 1250 K. This
range will be expanded in future work.
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4.3 Results

4.3.1 Ab initio molecular dynamics simulations on KCl

Density

Figure 4.1a) plots the predicted density of molten KCl as function of temperature for the DFT-D3
and dDsC models. The correlation due to Janz et al. [18] derived from experimental data is also
shown. The simulation results mimic the findings for NaCl, with the best agreement obtained for
the dDsC dispersion model, which is within 5% or less of the experimental correlation across an
extended temperature range. The calculated (dDsC) and experimental correlation for the density
as function of temperature is listed in Table 4.1.

-6.15
-6.1

-6.05
-6

-5.95
-5.9

-5.85
-5.8

-5.75

1000 1100 1200 1300 1400 1500 1600

En
er

gy
 [e

V/
fu

]

T [K]

1.2

1.3

1.4

1.5

1.6

1.7

1.8

900 1000 1100 1200 1300 1400 1500 1600

De
ns

ity
 [g

/c
m

3 ]

T [K]

DFT-dDsC
Exp.
DFT-D3
DFT-dDsC NaCl

a) b)

Figure 4.1: Density of KCl predicted with two different models for dispersion forces. Experimental data
is represented by the correlation plotted as an orange line [18]. The lines shown are least-
squares fits to the calculated data points. b) Calculated total energy of KCl as function of
temperature. The line is a least-squares fit to data points and the slope represents the heat
capacity.

Density (g/cm3) Heat capacity (J/mol/K)
KCl Calculated (dDsC) −0.000559T +2.1921 77.19
KCl Experiment −0.000583T +2.1357 [18] 73.60 [41]
AlCl3 Calculated (dDsC) −0.00113T +2.039 76.28
AlCl3 Experiment −0.00271T +2.565 [18] 125.5 [41]

Table 4.1: Calculated and experimental correlations and values for density and heat capacity for KCl and
AlCl3.

Heat capacity

Figure 4.1b) plots the total energy per formula unit of molten KCl as function of temperature.
The derivative equals the heat capacity of KCl, which is also tabulated in Table 4.1 together with
an experimental reference value [41]. The simulation results indicate an approximately constant
heat capacity, though in order to identify a small deviation from this linear relation a denser
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temperature mesh would be required. The calculated heat capacity agrees very well with the
experimental reference value [41].

4.3.2 Ab initio molecular dynamics simulations on AlCl3

Density

The predicted density of molten ACl3 is plotted in Figure 4.2a) from 450 K to 900 K, which
also includes the correlation from Janz et al. [18]. The range of temperatures is chosen based
on the experimental melting temperature of 453 K. The simulated data is off from experiments
by a larger amount than seen for either NaCl, KCl or UCl3. The deviation is not a constant
shift, but rather the predicted temperature dependence is significantly off from the experimental
data. As emphasized in the first chapter, the bonding in AlCl3 is complex and it is feasible
that the DFT methodology applied here is not capable of capturing all subtleties. However, it
is also possible that the experimental data is inaccurate. The experimental correlation shown in
Figure 4.2a) was derived from only two data points close to 450 K and only about 10 K apart.
The resulting temperature dependence is steep and extrapolation suggest that density would go to
zero at 950 K. Even though this is above the boiling point, we believe that the strong temperature
dependence is odd and deserves further attention to confirm or refute.
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Figure 4.2: a) Density of AlCl3 predicted with different models for the dispersion forces. Experimental
data is represented by the correlation plotted as an orange line [18]. The lines are least-
squares fits to the calculated data points, the equations of which are summarized in Table 4.1.
b) Calculated total energy of AlCl3 as function of temperature. The line is a least-squares fit to
data points and the slope represents the heat capacity. Note that the point at 900 K is above the
experimental boiling point, but still included in the simulations and seems to approximately
follow the trend observed in the liquid range.

Heat capacity

Figure 4.2b) plots the total energy as function of temperature, from which the heat capacity can
be derived by calculating the slope. The total energy closely follows a linear relation as function
of temperature and, consequently, the heat capacity can be approximated as a constant in the
temperature range investigated. The resulting heat capacity is listed in Table 4.1. Just as for the
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density, there is a significant difference between the calculated and experimentally reported heat
capacity [41]. Further investigations are needed to explain this discrepancy.

4.3.3 Ab initio molecular dynamics simulations on KCl-UCl3

Density and structure

The densities of KCl-UCl3 mixtures were calculated for the dDsC dispersion model at 1250 K
and are shown in Figure 4.3a). The calculated densities are compared to experimental data from
Janz et al. [18], Desyatnik et al. [47] as well as the previously calculated results for NaCl-UCl3.
Figure 4.3b) shows the corresponding deviation from ideal solution behavior. The challenge
of converging the AIMD simulations leads to some scatter. We expect the scatter to decrease
as better statistics are accumulated in ongoing simulations. Nevertheless, we conclude that the
qualitative behavior is similar to the NaCl-UCl3 system, but with about twice the deviation
form ideal solution behavior. The maximum deviation from ideal solution behavior is again
observed around a UCl3 content of 0.35, which coincides with the eutectic composition for
KCl-UCl3 system. Unlike the NaCl-UCl3 system, the KCl-UCl3 system exhibits a negative
deviation from an ideal solution across the full composition range. Recall that the NaCl-UCl3
system had a positive or much closer to zero deviation in the UCl3 rich range. The experimental
data from Janz et al. [18] is in poor agreement with the calculated densities, both for absolute
densities and the deviation from ideal solution behavior. However, the same quantities agree at
least qualitatively with the densities reported by Desyatnik et al. [47]. Even though the latter
predicts slightly higher deviation from ideal solution behavior, the shape of the concentration
dependence is almost exactly reproduced. The discrepancy may be within the uncertainty of
both experiments and simulations.
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Figure 4.3: a) Density of KCl-UCl3 mixtures obtained from simulations and experimental data [18,47] at
1250 K. b) Deviation of density from ideal solution behavior plotted as function of composi-
tion at 1250 K.

Mixing energy

The KCl-UCl3 mixing energy at 1250 K is plotted in Figure 4.4, which also contains a correlation
derived from a CALPHAD assessment of the KCl-UCl3 system [29] and the AIMD prediction
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for NaCl-UCl3. The predicted mixing energy follows the CALPHAD assessment pretty closely,
with slightly better agreement on the UCl3 rich side. The minimum (most negative) mixing
energy is about twice as large as for NaCl-UCl3, but the shape of the mixing energy curve
is similar for the two cases with a minimum close to a uranium content of 0.35, which again
coincides with the eutectic composition. From this we conclude that the behavior of the mixing
energy follows the same trend as for the density and also mimics the behavior of the NaCl-
UCl3 system. The correlation between density, mixing energy and the pair distribution function
discussed for the NaCl-UCl3 system also extends to KCl-UCl3, however the detailed analysis is
not included in this report since it is still ongoing.
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Figure 4.4: a) Mixing energies for KCl-UCl3 at 1250 K. Pure KCl and UCl3 are used as references. b)
The KCl-UCl3 free energy of mixing at 1250 K assuming an ideal solution.

4.3.4 Ab initio molecular dynamics simulations on AlCl3-UCl3

Simulations were also performed for AlCl3-UCl3 mixtures, however they are more challenging
because of issues converging the electronic self-consistency cycles in VASP. Work is ongoing
to resolve this issue. For this reason, it is premature to present any data. The problem is likely
related to to the unique behavior AlCl3 already discussed.
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5 Summary and conclusions

Fundamental molten salt thermodynamic and thermophysical properties (e.g., density, heat ca-
pacity, viscosity, and thermal conductivity) are important for the development of next-generation
molten salt reactors (MSRs), in which molten salts are used as both coolant and fuel. However,
due to the corrosive nature of molten salts, measurements of their properties at high tempera-
tures can be experimentally challenging. This is even more pertinent for fuel salts, which, in
addition, contain toxic and radioactive actinides (U, Pu) as fuel and after burnup a range of fis-
sion products, all of which may influence properties. Using atomic scale simulations to fill these
data gaps and to provide mechanistic understanding of property relations would facilitate more
accurate evaluation of various concepts by reactor designers, developers and other interested
parties. Modeling and simulations have an important role to play in reducing data gaps, because
the compositional space of interest is extensive and difficult to cover with experiments alone,
especially since some of the salts are also highly toxic or radioactive.

We have performed classical molecular dynamics (MD) and ab initio molecular dynamics
(AIMD) simulations to predict the thermophysical properties of pure chloride salts and their
mixtures in the AlCl3-NaCl-KCl system over a wide temperature range from 800 K to 1400 K.
Classical MD simulations are used for properties that require long simulation times, in particular
thermal conductivity and viscosity. Our classical MD simulations used a non-polarizable Buck-
ingham pair potential in combination with a Stillinger-Weber three-body potential for Al-Cl-Cl
interaction, which were parameterized using ab initio calculated data such as equilibrium lattice
parameters and single-crystal elastic constants. MD predicted thermophysical properties were
compared with experimental data when they exist. In most cases, the agreement is good, which
emphasizes the ability of the modeling and simulation approach to generate data for properties
of molten salts with complex chemistry.

In addition, AIMD simulations relying on different models for Van der Waals interactions
were used to predict temperature dependent thermophysical (density and thermal expansion)
and thermodynamic (mixing energy and heat capacity) properties of NaCl, KCl and AlCl3 mixed
with UCl3. The main topic of the present study is UCl3 mixed with KCl and AlCl3, however,
the study of NaCl-UCl3 performed in previous years under NEAMS and currently under an-
other program (LANL LDRD) provided the theoretical basis for the KCl-UCl3 and AlCl3-UCl3
studies. AIMD simulations of the pure end-member systems are able to accurately reproduce
experimental data on densities and heat capacities provided that Van der Wals interactions are
included in the simulations. The best agreement is obtained for the dDsC correlation. The
simulations for AlCl3 predict properties that deviate the most from experiments among the in-
vestigated systems, which could be related to the less ionic character of this system resulting in
somewhat unique properties such as a very low boiling point. However, we speculate that there
may also be substantial uncertainty in the experimental measurements.

Mixtures of UCl3 with NaCl and KCl exhibit a negative mixing energy, with a minimum close
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to the eutectic composition of xUCl3 = 0.35. The magnitude of the minimum mixing energy is
lower for KCl than for NaCl. For NaCl-UCl3 the mixing energy is predicted to be independent
of temperature. The corresponding mixing data as function of temperature has not yet been ac-
cumulated for KCl-UCl3, but that system is expected to behave in the same way. The predicted
mixing energy for NaCl-UCl3 agree very well with available experimental data and for KCl-
UCl3 the predictions are consistent with an available CALPHAD assessment. The existence
of a minimum for mixing energy is related to the evolution of the radial distribution function.
Addition of NaCl to UCl3 increases the U-Cl coordination, which is a favorable reaction. Up
until xUCl3 = 0.35 the system is able to increase this coordination number, while maintaining the
intermediate range U-U correlation. This behavior is a consequence of the tendency of UCl3
to form network structures. For a UCl3 fraction less than approximately 0.35, the U-U coor-
dination starts to decrease and deviate from pure UCl3, which leads to a lower mixing energy
(less favorable). The xUCl3 = 0.35 composition coincides with the observed eutectic compo-
sition. The correlation between pair distribution functions and mixing energies extend to the
KCl-UCl3 system. The same interactions that control the mixing energy also govern the evolu-
tion of the density for mixed salts. Both KCl-UCl3 and NaCl-UCl3 exhibit a maximum deviation
from ideal solution behavior at xUCl3 = 0.35. The densities of the mixed salts are lower than for
the ideal mixture. The maximum deviation is about 2% for NaCl-UCl3 and 3% for KCl-UCl3.
The temperature dependence was only investigated for the NaCl-UCl3 system, but KCl-UCl3 is
expected to behave in a similar way. The maximum deviation is only weakly dependent on tem-
perature, but the deviation from ideal solution behavior exhibits some temperature dependence
in the UCl3 rich range. The predicted densities for the mixed systems agree at least qualitatively
with available experimental data. New experiments would be required to assess the quantitive
accuracy of the simulations.

The AlCl3-UCl3 is challenging to study with AIMD simulations, because of issues converging
the electronic self-consistency cycles. We are currently working on resolving these issues. For
this reason, no reliable data is yet available for this mixed system.

Future work will accumulate better statistics for the NaCl-KCl-AlCl3-UCl3 systems and their
properties, extend simulations on KCl-UCl3 to additional temperatures following the recipe pre-
sented for NaCl-UCl3 and improve the methodology for AlCl3-containing salts such that their
unique properties can be captured and studied. On the potential development side, the impact
of including polarization effects will be investigated. After completing these steps, the same
methodology will be extended to other molten salt systems.
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